Abstract: European Starlings ( Sturnus vulgaris)
Introduction
Predicting the impact of introduced species is a problem of considerable interest in conservation biology. The overall impact of an exotic species is determined by some combination of its range, abundance, and impact per individual (Parker et al. 1999) . Meanwhile, there are a variety of levels at which an invader's impact can be measured, including its effects on individuals, genetic effects such as hybridization, population dynamic effects, community effects, and effects on ecosystem processes. Assessment of the importance of any of these is challenging and, in lieu of experimental or carefully controlled comparisons, potentially misleading (Diamond & Veitch 1981; Williamson 2001) .
The European Starling ( Sturnus vulgaris ) in North America is one avian species whose adverse impacts would appear to be unambiguous. Starlings were introduced to New York City in 1890 and by the late 1940s had spread across much of the continent north of Mexico (Cabe 1993 ). They eat a wide variety of animal and plant material and have become one of the most conspicuous and abundant terrestrial birds in North America, with populations estimated nearly 20 years ago to be on the order of 2 ϫ 10 8 individuals (Feare 1984) . Thus, starlings rank at the upper end of the spectrum on at least two of the three impact factors discussed by Parker et al. (1999) , range and population size.
Observations of competition between starlings and native cavity-nesting species in North America date as far back as Kalmback and Gabrielson (1921) . More recently, Lindell (1996, unpublished data) found records of nest usurpation by starlings in seven North American woodpecker species. Kerpez and Smith ( 1990 ) found evidence for competition and a negative relationship between starlings and Gila Woodpeckers (see Table 1 for scientific names ) nesting in saguaro cacti in Arizona. Weitzel (1988) presented data from a single site in Nevada where starlings apparently precluded the nesting of a series of native species. Zerhusen (1994) reported trapping and disposing of 406 starlings from a single bluebird nest box over a period of 7 years. In a particularly detailed study, Ingold (1996 Ingold ( , 1998 found that starlings in Ohio forced a high proportion of Northern Flickers to delay breeding. Although pairs were ultimately successful, there was a significant seasonal decline in fecundity in the population, prompting Ingold ( 1998 ) to conclude "it is clear that European Starlings are having a significantly adverse effect on the reproductive success of Northern Flickers." Drawing on such observations, Cabe (1993) concluded that the starling "has had a detrimental effect on many native cavity-nesting species."
Despite these clear examples of starling interference, several researchers have failed to demonstrate that starlings have negatively affected cavity-nesting species. Troetschler ( 1969 Troetschler ( , 1976 , for example, documented considerable competition for cavities between starlings and Acorn Woodpeckers in California but found no conclusive evidence for adverse effects on the latter. She attributed this to the Acorn Woodpeckers' longer and more flexible breeding season, which allowed them to breed successfully after the starlings had finished. Ingold (1994) reached a similar conclusion for three species of woodpeckers competing with starlings in Ohio.
These studies unambiguously demonstrate that aggressive competition for nest cavities by starlings can displace a variety of native species, forcing the latter to delay breeding within a season, if nothing else. Nonetheless, the demographic consequences of this competition for native species remain unclear. Here I draw upon nearly a century of data from Christmas Bird Counts (CBC) and 31 years of data from the North American Breeding Bird Survey (BBS) to determine whether starlings have caused declines of native cavity-nesting birds in North America. If so, measures to control starling populations or otherwise aid breeding of native cavity-nesting species may be necessary to maintain native species and preserve the complex structure of "nest web" communities ( Martin & Eadie 1999) . If not, then starlings, despite their ability to usurp cavities and outcompete native species, may represent an invader that has been able to add itself to North American communities of birds without adversely affecting avian diversity.
Methods
I obtained data from Christmas Bird Counts ( CBC ) and Breeding Bird Surveys (BBS) on relative densities of European Starlings and on 27 taxa of North American cavity-nesting birds ( "target species"; Table 1 ). The BBS data consist of 3-minute censuses at a series of 50 stops 0.8 km apart along a road transect (Bystrack 1981) ; the data were available from 1966 to 1996. The CBC data consist of 1-day intensive surveys conducted within a 2-week period around Christmas and restricted to a specific 24-km-diameter circle; they were analyzed for all years from 1900 through 1996 ( Shipman 2000 ) . I used files as they were given, except that I assumed counts that did not overlap in time and were within 3 minutes of both latitude and longitude were continuations and combined them. Species examined included all common North American woodpecker species and several secondary cavity-nesting species, including American Kestrels, several swallows, two flycatchers, and the three North American bluebirds. I combined data on Yellow-bellied, Red-breasted, and Red-naped sapsuckers and refer to them as "yellow-bellied" sapsuckers.
For the BBS data, I used the log-transformed number of birds detected as an index of relative density. To control for varying effort in the CBC data, I determined the number of birds per party hour ( pph ) for all combina-tions of species, site, and year. I then log-transformed ( log( x ϩ 1 ) ) the values ( x ) to normalize the distributions. As an alternative to this simple procedure, I also followed the methodology proposed by Link and Sauer ( 1999 ) and used a fixed-effort adjustment parameter ( p ϭ Ϫ 1.5) and the residuals of a linear regression of effort on the ( log-transformed ) number of birds counted as an estimate of relative density. Results were unchanged from those based on birds per party hour.
For each combination of species and site, I calculated the (log-transformed) relative densities recorded at that site for starlings and for the target native species for each year the survey was conducted. Next I determined the first year starlings were observed at the site ("first year"). In many cases, particularly with the BBS data, counts were initiated following invasion by starlings. These counts were excluded from the analyses. At the remaining sites, I calculated mean log-transformed density, dividing years into four categories: (1) the 5 years immediately preceding the first year ( pre ), ( 2 ) the 5 years starting with first year (post 1; years 0-4 post-first year), (3) the next 5 years (post 2; years 5-9 post-first year), and (4) all subsequent years (post 3; years 10 ϩ post-first year). I used whatever years of data were available when fewer than 5 years were available in 1 or more of the first 3 categories, but at least 1 year of data (2 in the "pre" category to ensure that starlings had not been present previously) had to be available for all 4 categories for the site to be included. Also, I only included sites where the target species was detected during the "pre" (category 1) years. I used these arbitrary time periods as indices of the mean density of the target species immediately prior to first detection of starlings, immediately following invasion by starlings, and then during two subsequent periods while starlings presumably became an established part of the community.
For each target species, I used Friedman tests for a significant difference among the four categories of years. Since CBC surveys are conducted during the winter, CBC data do not directly measure potential breeding interactions, especially for migratory species. Nonetheless, I included the CBC data because they provide good estimates of winter densities and would be likely to correlate with widespread population declines attributable to starling interference. 
Results
A total of 103 CBC and 158 BBS sites met the criteria for inclusion in the analyses. The CBC sites included in the analyses were invaded starting in the 1940s and continuing through the 1980s ( Fig. 1 ) . In the BBS data, which starts in 1966 after starlings had already arrived at many sites, the majority of sites included in the analyses were colonized in the 1970s ( Fig. 1 ) . Sites in all quarters of the country were represented, although because starlings were introduced in the northeastern United States and thus often present in this region prior to when surveys began, sites were not distributed geographically evenly (Fig. 2) .
Of the 27 species tested, 10 exhibited significant differences in abundance across the four periods in one or both of the analyses ( Table 1 ) . Thus, no significant change in relative abundance over the course of invasion by starlings was detected in 17 ( 63% ) of the species. Significant differences in both the CBC and BBS analyses were detected for only 2 of 20 (10%) of the species for which both analyses could be conducted.
Of the 10 species exhibiting significant differences in one or both analyses, only 5 (American Kestrel, "yellowbellied" sapsucker, Nuttall's Woodpecker, Red-cockaded Woodpecker, and Eastern Bluebird ) exhibited significant declines that were potentially attributable to starlings (Fig. 3) . However, for 2 of these species (American Kestrel and Nuttall's Woodpecker) analyses were ambiguous in that significant declines in the BBS data were countered by significant increases in the CBC data (Fig. 3) . In the remaining 3 species, negative trends in the CBC data were paired with nonsignificant changes in the BBS data. For "yellow-bellied" sapsuckers, CBC values first increased and then fell below the "pre" values, significantly so ( p ϭ 0.002) in the CBC data. Densities of Redcockaded Woodpeckers also declined in both analyses, again significantly so ( p ϭ 0.04) in the CBC data. Eastern Bluebirds declined significantly ( p ϭ 0.02 ) in the CBC data but increased nonsignificantly in the BBS data.
In contrast, four of the species exhibited significant increases over the course of the starling invasion. Three of these ( Acorn, Red-bellied, and Pileated woodpeckers ) increased significantly in the BBS data but not in the CBC data. The migratory Purple Martin increased significantly in the BBS data. The only other species to exhibit significant changes, the Northern Flicker, initially increased in abundance in the CBC data and then returned to within 2% of the "pre" value (Fig. 3) .
Discussion
Of 27 taxa examined, only 10 ( 37% ) exhibited significant changes in mean population density following detection of starlings. However, at least as many of these increased rather than decreased following starling colonization, including Red-bellied Woodpeckers, one of the only species for which there exists good evidence of a high frequency of nest usurpation by starlings (between 39% and 52%; Ingold 1989 Ingold , 1994 . Only five (19%) species exhibited significant declines, none of which was significant in both data sets. Taken as a whole, these data fail to support the hypothesis that the North American starling invasion has severely affected native cavitynesting birds.
Besides the lack of concordance between the results of the CBC and BBS data, there are other reasons to be skeptical that the declines I detected are attributable to starlings. American Kestrels, for example, are 50% larger than starlings and are thus unlikely to be victims of starling nest usurpation. Conversely, Nuttall's Woodpeckers build cavities smaller than starlings can use ( Miller & Bock 1972 ) . And, despite considerable attention to interspecific encounters of this species by Short (1971) , I am aware of only one reported case of starling interference with this species ( a mention by Lowther [2000] based on comments accompanying a census by Riensche and Cogswell [1993] ). Thus, starlings are unlikely to be a significant problem for this species.
As a secondary cavity-nesting species, Eastern Bluebirds are vulnerable to starling competition for nest cavities. Overall trends for this species in the BBS data were negative during the 1966-1979 period, but this has been attributed to severe winters and spring storms, not nestsite competition (Gowaty & Plissner 1998) . In fact, over the longer 1966-1993 period, trends in the BBS data were positive for this species (Gowaty & Plissner 1998) .
Similarly, Red-cockaded Woodpecker nests can be usurped by starlings, but in general starlings are not considered sufficiently dangerous to warrant discussion in management plans for this endangered species, in contrast to Pileated Woodpeckers, which are known to be a serious threat to Red-cockaded Woodpecker nesting and roosting cavities (Conner et al. 2001) . Rather than being caused by interference with starlings, the downward population trajectory of Red-cockaded Woodpeckers observed in the data presented here is likely a result of the general mismanagement suffered by this species ( Conner et al. 2001) .
This leaves only one group, the sapsuckers, that exhibited population declines plausibly due to starling interference rather than other unrelated factors. Even for this group, however, the data are ambiguous in that den- RBWO, Red-bellied Woodpecker; YBSA, Yellow-bellied, Redbreasted, and Red-naped sapsuckers combined; NUWO, Nuttall's Woodpecker; RCWO, Red-cockaded Woodpecker; NOFL, Northern Flicker; PIWO, Pileated Woodpecker; PUMA, Purple Martin; and EABL, Eastern Bluebird. sities increased in both data sets immediately following invasion by starlings and declined only later on.
Thus, despite their aggressiveness and high abundance, and contrary to the fears of many North American ornithologists, European Starlings have yet to unambiguously and significantly threaten any species of North American cavity-nesting bird, with the possible exception of sapsuckers. How and why native cavity-nesting species have avoided being severely affected by starlings is unclear. Starlings are often associated with human habitation, which may lessen their overall impact on many species. Several species that would otherwise appear to be at risk are either suitably aggressive in defending their nest cavities ( Red-headed Woodpeckers and Northern Flickers; Ingold 1994) or are able to nest successfully later in the season when competition with starlings declines (Acorn Woodpeckers and Northern Flickers; Troetschler 1976; Ingold 1996 Ingold , 1998 . Competition from starlings for nest cavities during their breeding season could exert strong selection on other species to shift their nesting phenologies ( Ingold 1994 ) , the long-term effects of which are unknown.
It is also possible that there is an ongoing coevolutionary interaction between starlings and primary cavitynesting species stemming from the former's dependence on woodpeckers to make the cavities they will eventually use. Not only would it be advantageous for woodpeckers, as the hosts, to become more aggressive and otherwise minimize the consequences of the parasitic starlings, but it would also be evolutionarily fatal to the parasite to have too negative an effect on their hosts. To the extent that such reciprocal interactions have contributed to the failure of starlings to significantly affect cavity-nesting populations, one could predict that the aggressiveness of native species might increase concurrently with a decrease in the aggressiveness of starlings and a decrease in the proportion of nests they usurp. Detecting such effects clearly would be a challenge.
More generally, these results call into question our ability to predict the effects of exotic species on native species. Despite their rapid spread, striking abundance, and aggressive nature, starlings appear thus far to have had little negative affect on the native cavity-nesting bird species with which they are known to interfere.
At least two caveats can be attached to this conclusion. First, habitat or other changes within sites over time could be biasing my results. To the extent that many sites are likely to have become more disturbed, however, such changes are likely to favor higher populations of starlings. Thus, if anything, the bias is in favor of finding significant effects of starlings rather than the converse. Second, although it has now been decades since starlings have invaded most of the sites I analyzed (Fig. 1) , it is possible that the effects on at least some of the species are only beginning to be detectable and that populations may yet suffer significantly if densities of starlings continue to increase. Thus, although my results unexpectedly exonerate starlings from the charge of significantly causing declines in native cavity-nesting birds, it does so only provisionally. Additional studies, at both the continental and population levels (Troetschler 1976; Ingold 1989 Ingold , 1994 Ingold , 1996 Ingold , 1998 Kerpez & Smith 1990) , will be necessary to confirm this conclusion.
